Abstract Aminoglycosides are polycationic antibiotics that have been shown to block a variety of cation channels. The inhibitory effect of externally applied aminoglycosides on P2X2 receptor currents was examined after heterologous expression in Xenopus laevis oocytes using the twoelectrode voltage-clamp technique. All of the aminoglycosides tested inhibited the ATP-evoked responses with potencies ranging from 71 μM to 2 mM (IC 50 values). The ranked order of potency was streptomycin>gentamicin> neomycin>paromomycin>kanamycin. The inhibition of P2X receptor currents was independent of the ATP concentration used for the activation, which is compatible with a noncompetitive mechanism. The inhibition was voltage-dependent and was reduced at more positive membrane potentials. To examine whether the current block was dependent on the receptor conformation, the aminoglycoside effect on a nondesensitizing P2X2-X1 receptor chimera was analyzed. The results from these measurements suggest that inhibition is caused by an open pore block that locks the P2X receptor chimera in an open nonconducting state from which the agonist dissociation is slow. We also demonstrate that the P2X2-X1 chimera can serve as a tool to directly test whether an antagonist acts competitively or not.
Introduction
P2X receptors are cation-selective ligand-gated ion channels that open upon extracellular binding of ATP. To date, seven subtypes (P2X1-7) have been cloned that share a common topology: two transmembrane domains connected by a large extracellular loop. P2X receptors are expressed in cells from a wide variety of tissues, where they are involved in such diverse processes as exo-and endocrine secretion, platelet aggregation, inflammation, pain sensation, and cell proliferation. Functional receptors are oligomeric assemblies of three subunits [1, 2] , a feature that was considered to be unique among all ion channel families until it was shown that acid-sensing ion channels belonging to the amiloride-sensitive Na + -channel/ degenerin family are also trimers [3] . An important milestone achieved in the last year in the P2X receptor field was the report of the crystal structure of the zebrafish P2X4 receptor [4] . The 3-Ǻ-resolution X-ray structure of the closed-state P2X4 receptor enabled homology modeling of other P2X receptor family members for rational ligand design [5] and facilitated mutagenesis-based studies of structural rearrangements that accompany channel opening [6] [7] [8] [9] . The seven subtypes of the P2X family show different sensitivities for several agonists and inhibitors, and some of them can undergo modulation by divalent metal cations (Zn show different desensitization rates. P2X1 and P2X3 receptors desensitize in tens or hundreds of milliseconds, whereas all other subtypes show no or less pronounced desensitization.
Aminoglycosides are polycationic and hydrophilic compounds that constitute a group of antibiotics extracted from Streptomyces (suffix -mycin) or Micromonospora (suffixmicin). Because of their positive charge, they bind to the bacterial 30S ribosomal subunit and thereby elicit their antibiotic effect by causing misreading of tRNA, inducing the incorrect synthesis of essential proteins such as membrane proteins. As a consequence, the bacterial membrane loses its integrity. Aminoglycosides are primarily used for the treatment of infections caused by aerobic Gram-negative bacteria such as Pseudomonas, Acinetobacter, or Enterobacter and also for some mycobacteria, such as Mycobacterium tuberculosis, which causes tuberculosis and was successfully treated for the first time with streptomycin in 1944 [15] . The clinical use of aminoglycosides is, however, limited by negative side effects such as oto-and nephrotoxicity [16, 17] . Aminoglycosides are applied systemically only under medical surveillance, i.e., while screening blood pressure and kidney function to minimize nephric damage [16, 17] . This toxicity is thought to arise from intracellular aminoglycoside accumulation and subsequent metabolism [18, 19] . Aminoglycosides have been shown to modulate synaptic transmission, most likely by blocking voltage-gated Ca 2+ channels [20] . Other studies have demonstrated the inhibitory effects of aminoglycosides at mechanosensitive ion channels [21, 22] , nicotinic ACh receptors [23, 24] , and TRPV1 receptors [25] . At N-methyl D-aspartate (NMDA) glutamate receptors, aminoglycosides show inhibitory as well as stimulatory effects [26] . Because inner and outer hair cells and the type I spiral ganglion neurons of several species age-dependently express P2X receptors [27] [28] [29] , a coherence with the ototoxicity of aminoglycosides is likely. Because outer hair cells (OHCs) have been shown to exhibit large inward current responses when challenged with extracellular ATP, Lin et al. [27] studied the effect of neomycin on these ATP responses in detail. They found that neomycin inhibits OHC ATP responses with an IC 50 value of ∼90 μM. They also reported a less potent block by gentamicin and streptomycin. Later, it was shown that OHCs potentially express a variety of P2X and P2Y receptors, such as P2X1, P2X2, P2X4, P2X7, P2Y 1 , P2Y 2 , and P2Y 4 [30] [31] [32] . Therefore, we decided to analyze the effects of streptomycin, gentamicin, neomycin, kanamycin, and paromomycin on homomeric P2X2 receptors.
P2X2 receptors were expressed in Xenopus laevis oocytes, and aminoglycoside effects were analyzed by the two-electrode voltage-clamp method. To further characterize their mechanism of action, we used a P2X2-X1 receptor chimera built from a P2X1 receptor subunit in which the N-terminal and first transmembrane domain was replaced by the corresponding domains from the P2X2 receptor [33, 34] . This chimera had unique properties, including the absence of desensitization, an apparent nanomolar affinity for ATP and an exceptionally slow deactivation time course after the removal of ATP [34] . In contrast to the results with OHCs, we found that streptomycin was the most potent inhibitor of the P2X2 receptor, followed by gentamicin and neomycin, suggesting that OHC ATP responses are not purely mediated by the activation of homomeric P2X2 receptors or that differences between species are the origin of this difference. Furthermore, we demonstrate that aminoglycosides locked the receptors in an open but nonconductive conformation. This characteristic may be used as a tool for the kinetic analyses of P2X receptors, e.g., when current inhibition without the prevention of agonist binding is desired.
Materials and methods

Cell preparation
Oocytes were obtained from mature female X. laevis toads by partially removing the ovary under general anesthesia with methane sulfonate salt (MS-222/tricaine, Sigma, Germany). Ovary lobes were digested by collagenase type IA (SigmaAldrich, Germany or Serva, Germany) treatment until the oocytes were separated and completely defolliculated (2 mg/ mL collagenase, 2-3 h). One to three days before the experiments, the oocytes were injected with 41-50-nL aliquots of cRNA (2 ng/μL for rP2X2 and 0.5 μg/μL for rP2X2-X1) and incubated in Oocyte Ringer solution [ORi; 90 mM NaCl, 1 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4 with NaOH] at 17-19°C until use. cDNA constructs and cRNA synthesis Oocyte expression plasmids encoding wild-type rat P2X subunits (rP2X1, rP2X2) from previous studies were used [1, 2] . A P2X2-X1 chimera construct consisting of the coding sequence of Met 1 -Val 47 of the rP2X2 subunit was joined in frame with the coding sequence for 48 Val-399 Ser of the rP2X1 subunit, which has also been described previously [34] . The capped cRNAs were prepared from linearized templates using SP6 RNA polymerase (Ambion).
Electrophysiology
The current responses to ATP were measured 1-3 days after cRNA injection using the two-electrode voltage-clamp technique. Microelectrodes with resistances below 1 MΩ were pulled from borosilicate glass and filled with 3 M KCl solution. Two Ag/AgCl bath electrodes were used to minimize series resistance errors. Currents were recorded at a holding potential of −60 mV using a TEC-03X amplifier (NPI Electronics, Lambrecht, Germany), low-pass filtered at 100 Hz, and sampled at 400 Hz. All measurements were carried out at room temperature (20-22°C) . Data analyses were performed with Origin 7.5 software (OriginLab Corp., Northampton, MA, USA) or GraphPad Prism5 software (GraphPad Software, Inc., La Jolla, CA, USA). Doseinhibition curves were fitted by the four-parameter Hill equation:
Data are presented as the mean±SE from n experiments. Error bars were omitted in the figures when they were smaller than the symbols used. A p value of p<0.05 was defined as significant.
Drug application
The standard solution used to superfuse the oocytes during the voltage-clamp experiments contained 90 mM NaCl, 1 mM KCl, 2 mM MgCl 2 , and 5 mM HEPES and had a pH of 7.4 (Mg 2+ Oocyte Ringer). Calcium salts were omitted to avoid activation of endogenous Ca 2+ -activated Cl -channels upon opening of the P2X receptors [35, 36] and to prevent P2X2 receptor inhibition by Ca 2+ [37, 38] . Aminoglycosidecontaining solutions were adjusted to a pH of 7.4 before use. A fast and reproducible solution exchange was achieved with a small-volume oocyte chamber (∼10 μL) combined with fast and continuous perfusion at a rate of ∼10 mL/min [39] . The average time constant of complete solution exchange analyzed in non-injected oocytes by switching from a solution containing 90 mM NaCl to a solution containing 0 mM NaCl and 90 mM KCl was C=0.916±0.005 s. The solutions were switched by magnetic valves under the control of Cellworks software (NPI Electronics, Lambrecht, Germany). All of the reagents were purchased from Fluka (Germany) or Sigma-Aldrich (Taufkirchen, Germany). All of the aminoglycosides were added as sulfate salts.
Results
Aminoglycoside inhibition of P2X2 receptor currents
Concentration-inhibition curves for streptomycin, gentamicin, neomycin, paromomycin, and kanamycin were generated to determine the potencies of the aminoglycosides at rP2X2 receptors. To this end, receptor currents were recorded at halfmaximum activating concentrations (EC 50 ) of ATP (∼30 μM [40] ) in the absence or in the presence of increasing aminoglycoside concentrations. Because all aminoglycosides were supplied as sulfate salts, the potential influence of sulfate on P2X2 receptor currents was tested separately by performing control experiments with identical protocols but with solutions in which the aminoglycoside sulfate was replaced by Na 2 SO 4 . No significant influence of sulfate in concentrations up to 3 mM could be detected (data not shown). After a stationary current was elicited by coapplication of 30 μM ATP (black bars) and increasing concentrations of streptomycin (10-3,000 μM, gray bars), 30 μM ATP was applied until a new steady state was reached to check for reversibility of inhibition and potential receptor current rundown (Fig. 1a) . The extent of inhibition was calculated from the ratio of the current in the absence and presence of aminoglycoside, respectively. Figure 1b shows the respective concentration-inhibition curves, demonstrating that all of the tested aminoglycosides inhibited the P2X2 receptor in the presence of 30 μM ATP. Nonlinear curve fits by the Hill equation yielded the IC 50 values and Hill coefficients summarized in Table 1 . The most potent inhibition was achieved by streptomycin (IC 50 =71 μM), and the weakest inhibition was seen with kanamycin (IC 50 2 mM). The Hill coefficients of all inhibitors were in the range of n H =0.77-0.81. In addition, we tested whether there was a difference in the inhibition values or time course of the onset of the aminoglycoside block of P2X2 receptors when we used aminoglycoside preincubation. Figure 1c illustrates that the presence of streptomycin before the coapplication of ATP and streptomycin resulted in a current amplitude and onset time constant (Fig. 1d , e) similar to the absence of streptomycin before the co-application.
All of the tested aminoglycosides exhibited fast onset and offset rates and a full reversibility of inhibition. A detailed quantification of the onset and offset time course of the streptomycin block of P2X2 receptors at different streptomycin concentrations is shown in Fig. 1f . Streptomycin exhibited onset time constants that decreased significantly with increasing concentrations (30-1,000 μM) of streptomycin (time constants C=3.0-1.7 s as obtained from monoexponential curve fitting). In contrast, the offset time constants were not significantly different at increasing streptomycin concentrations (time constants C=1.2-1.4 s; Fig. 1f ).
Voltage and ATP dependence of aminoglycoside inhibition at P2X2 receptors To examine the voltage dependency of the aminoglycoside block, we recorded the current-voltage dependencies between −120 mV and +60 mV in the absence and presence of aminoglycosides (Fig. 2a) . We applied 30 μM ATP and Table 1 . The P2X2 receptor currents were most potently blocked by streptomycin (with an IC 50 value of 71 μM), and the weakest inhibition was induced by kanamycin (with an IC 50 value of 2 mM). c-e Inhibition of P2X2 receptors by 100 μM streptomycin (Str) judged from different protocols. c The presence of 100 μM streptomycin (dark gray bar) before the co-application of 10 μM ATP and 100 μM streptomycin (light gray bar and area) exhibited a similar current amplitude and onset time constant (Fig. 2b) . To test the effect of the ATP concentration on inhibition, the relative current inhibitions with 30 μM and 300 μM ATP were compared. Figure 2c , d demonstrate that the inhibition induced by 1 mM neomycin was virtually identical (∼80%) at both ATP concentrations, suggesting that the aminoglycoside inhibition of P2X2 receptors is independent of the agonist concentration used. A concentration-response analysis of ATP in the presence and absence of 100 μM streptomycin showed a ∼50% maximum depression, whereas the ATP EC 50 value was unaffected by the presence of streptomycin (Fig. 2e) .
Aminoglycoside block of the P2X2-X1 chimera
We have shown that aminoglycosides exhibit a noncompetitive mechanism of action at P2X2 receptors and that the inhibition is independent of the agonist (ATP) concentration. Based on these findings and combined with the voltage dependence of the P2X2 block, it can be assumed To study this potential dependency between aminoglycoside inhibition and the receptor conformation, we used the nondesensitizing P2X2-X1 receptor chimera for which ATP dissociation is extremely slow. This is reflected by a deactivation time constant C of ∼60 s after removal of extracellular ATP and an apparent affinity of ∼3 nM for ATP [34] . We first characterized the potencies of the various aminoglycosides to block P2X2-X1 chimeric receptor currents. To this end, a similar protocol to the one for the P2X2 receptor was used. The various aminoglycosides reversibly inhibited the chimera in a dosedependent manner. Gentamicin and neomycin were the most potent inhibitors (IC 50 =311 μM and 314 μM, respectively), and paromomycin showed the lowest potency (IC 50 =2.1 mM; Fig. 3a , Table 1 ). The order of potency was gentamicin = neomycin > streptomycin > kanamycin > paro- momycin, which is different from the order of the P2X2 receptor inhibitors. All Hill coefficients were in the range of n H =0.78-0.98 (Table 1) . As with P2X2, the onset of inhibition was fast, and the onset time constant decreased significantly from τ=2.9 to 1.8 s with increasing concentrations (300-3,000 μM) of gentamicin (Fig. 3b) , whereas the offset time constant was independent of the gentamicin concentration used (Fig. 3c) . This finding provides direct evidence for the noncompetitive nature of the aminoglycoside block of the chimera: if aminoglycosides had to bind to the ATP binding site to inhibit, an onset of inhibition being not faster than the deactivation rate (i.e., ATP dissociation) would be observed; thus, the inhibition should not develop with a time constant smaller than 60 s. In fact, this behavior is observed with the suramin derivative NF449 [41] , which acts in a classical competitive manner at the P2X2-X1 chimera: concentration-response curves in the presence of increasing NF449 concentrations are shifted to the right and show no depression of maximum currents (Fig. 4a) . Consequently, the onset of inhibition in the presence of 30 nM ATP (ten times the EC 50 concentration for ATP) occurs more quickly with increasing NF449 concentrations but never exceeds the rate of deactivation after ATP washout, even after application of an NF449 concentration four orders of magnitude larger than the IC 50 value (3 μM versus 0.3 nM; Fig. 4b ).
It is a well-described characteristic of ligand-gated ion channels that the agonist is more tightly bound in the open state, i.e., the open state has a higher affinity for the agonist than the closed state [42] . As mentioned above, the P2X2-X1 chimera deactivates slowly after ATP washout with a time constant of ∼60 s. Fig. 3 Concentration dependence of the P2X2-X1 chimera current inhibition by aminoglycosides. a Using the protocol shown in Fig. 1a Fig. 1f and quantified by a monoexponential curve fit. The time constants of the onset b and offset c at the different gentamicin concentrations are shown (means from n=4 experiments). As tested by ANOVA, the mean onset time constants for increasing streptomycin concentrations (300 μM, τ=2.9±0.3 s; 1,000 μM, τ=2.3±0.2 s; 3,000 μM, C=1.8±0.1 s) decreased significantly (p=0.023), but the offset time constants (300 μM, τ=2.9±0.2 s; 1,000 μM, τ=3.0±0.2 s; 3,000 μM, τ=3.0±0.3 s) were not significantly (p=0.893) different P2X2-X1 chimeric receptor with a saturating concentration of ATP (100 nM), gentamicin was co-applied for 30 s before gentamicin alone was applied for 240 s. Compared with the control experiment in the absence of gentamicin, in which the current decay was completed within a period of 240 s in ATP-free ORi solution (Fig. 5a) , a significant inward current was activated after 240 s in the absence of ATP upon gentamicin washout (Fig. 5b, arrow ). This inward current (also designated as a peak rebound current) of about half of the initial receptor current disappeared after an additional period of ∼180 s in the absence of ATP, indicating that the ATP dissociation from the receptor was not completed after 240 s while being blocked by gentamicin. A virtually identical current trace was recorded when streptomycin was used instead of gentamicin (Fig. 5c ). The dependence of the peak rebound current on the streptomycin concentration present for a fixed time of 240 s is shown in Fig. 5d . This relationship was best fit using a nonlinear, sigmoidal function, and it yielded a concentration of 1.1 mM streptomycin that activated the rebound current halfmaximally after streptomycin washout (Fig. 5d ). An analysis of the rebound current after streptomycin washout as a function of time is shown in Fig. 5e . The rebound current amplitudes that occurred subsequent to increasing the duration of streptomycin (1 mM) applications from 10 to 360 s were analyzed. The pooled data of n=7 experiments were fitted by a monoexponential decay function and compared with the washout decay in the absence of ATP and streptomycin. As apparent from Fig. 5e , the presence of 1 mM streptomycin increased the time constant of the current decay from 59 to 92 s. This comparison gives an estimate of the extent to which ATP unbinding is delayed by holding the pore open.
Discussion
The clinical use of aminoglycosides is limited by negative side effects such as oto-and nephrotoxicity [16, 17] . Aminoglycosides have been shown to inhibit several membrane ion channels, including presynaptic voltagegated Ca 2+ channels [20] , mechanosensitive ion channels [21, 22] , nicotinic ACh receptors [23, 24] , and TRPV1 receptors [25] . At NMDA receptors, aminoglycosides show inhibitory as well as stimulatory effects [26] , but, in most of cases, the basic mechanism of action has yet to be discovered. Exceptions are the noncompetitive gentamicin block of ACh-evoked K + currents in guinea pig outer hair cells, which is caused by impairing Ca 2+ entry at the cholinergic receptor [18] and the competitive antagonism of gentamicin at αβγδ and α7 ACh receptors but has contrary effects on the desensitization rates of these receptors [24] . An open pore block of mechanosensitive ion channels in skeletal muscle fibers by neomycin and other aminoglycosides has been suggested [22] .
Here, we report the inhibition of P2X2 and P2X2-X1 chimera receptor currents by different aminoglycosides and present an electrophysiological characterization of the basic mechanism underlying this inhibition.
All tested aminoglycoside antibiotics inhibited ATPmediated currents of P2X2 receptors, and the order of potency was streptomycin>gentamicin>neomycin>paro-momycin>kanamycin. These potencies differ considerably from what was observed in guinea pig cochlear outer hair cells by Lin et al. [27] , who found that neomycin was significantly more effective than streptomycin and gentamicin (kanamycin and paromomycin were not tested) in inhibiting ATP-mediated currents. Later, outer hair cells were shown to express a variety of P2X receptors, including P2X1, P2X2, P2X4, and P2X7, as well as P2Y receptors such as P2Y 1 , P2Y 2 , and P2Y 4 [30] [31] [32] . Therefore, it seems likely that the difference between the ranked orders of potency in OHCs and recombinant P2X2 receptors is due to the fact that ATP responses in OHCs are not exclusively mediated by P2X2 receptors. Another possibility is species differences, as there are known differences between species in P2X receptor expression in other compartments of the inner ear [28] . Aminoglycoside inhibition at recombinant P2X2 receptors showed a fast onset that was dependent on the aminoglycoside concentration applied and a fast offset that was independent of the aminoglycoside concentration applied. The concentration dependence of the onset and the independence of the offset (because the off-rate is dominated by the dissociation rate) of the aminoglycoside block are compatible with the mechanism of an open pore block. In addition, the inhibition was not dependent on the ATP concentration used, and the ATP concentration-response curve showed a ) and exhibits a half-maximal current response at 1.19±0.5 mM (judged as the response halfway between the bottom and the top). e Current amplitudes as a percentage of the initial ATP-elicited current in the absence of streptomycin (filled triangle) or in the presence of 1 mM streptomycin (filled circle) after different time periods (10, 30, 60, 120, 180, 240 , 300, or 360 s) after removal of 100 nM ATP (see panel a, c). The continuous lines represent monoexponential curve fits to the pooled data points from n=6 experiments. In the absence of streptomycin, the current decay after ATP removal showed a time constant of C=59 s. The presence of 1 mM streptomycin for increasing time periods caused a prolonged time constant of C=92 s pronounced maximum depression, but unaffected EC 50 values, in the presence of aminoglycosides, both of which indicate a noncompetitive mechanism. Together, these results are strongly indicative of an open pore block of P2X2 receptors by aminoglycosides. Furthermore, the inhibition was voltage-dependent and greatly reduced at more positive potentials, which was also found by Lin et al. [27] , who showed a voltage dependency of inhibition by neomycin for ATP-mediated currents in guinea pig outer hair cells. All of these properties are consistent with a model in which the inhibitor molecule physically plugs the ionic pore. Lin et al. [27] also proposed an open pore block mechanism for neomycin in ATP-mediated currents in guinea pig outer hair cells. This model of an open pore block is also consistent with aminoglycoside inhibition at other ion channels, such as the inhibition of mechanosensitive ion channels in skeletal muscle fibers by neomycin [22] .
The slow activation and inactivation kinetics of the P2X2-X1 chimera available from previous studies [34] compared with the P2X2 receptor makes the chimera ideal for a quantitative investigation of the mechanism of antibiotic inhibition. Moreover, the P2X2-X1 chimera can serve as a model of the P2X1 receptor in terms of binding/ gating and pore properties without the bias of fast desensitization [34, 43] because the pore region, the channel gate and the ATP binding site do not include residues of the N-terminal tail or the transmembrane domain I [4, [6] [7] [8] [9] .
Like the P2X2 receptor, the P2X2-X1 chimera was also inhibited by all of the tested aminoglycosides, but with an order and degree of potencies different from P2X2. The most potent aminoglycosides were gentamicin and neomycin, and the least potent was paromomycin. The ranked order of potency was gentamicin=neomycin>streptomycin>kanamycin>paromo-mycin. In addition to being used to determine the inhibitory potencies, the chimeric receptors were used to further elucidate the mechanism of the aminoglycoside block. Kinetic models commonly used for ligand-gated ion channels assume a higher ligand affinity for the open conformation [42] . This difference in affinity between the open and closed states causes ligand dissociation to occur mainly from the closed state. Because of the slow agonist dissociation, the P2X2-X1 chimera can serve as an ideal model to test this hypothesis. Removal of ATP in the absence of aminoglycosides led to a monoexponential current decay with a time constant C of ∼60 s. After a time period of 240 s, virtually no receptor current was detectable. This was not the case when the receptors were blocked by gentamicin or streptomycin in the presence of ATP and subsequently after ATP washout; after a 240-s lasting period in ATP-free solution, the washout of gentamicin or streptomycin caused a significant rebound of receptor current. We interpreted this as a deceleration of ATP dissociation from the open state caused by the aminoglycoside apparently locking the receptors in the open (but nonconducting) conformation. The analysis of the current decay in the presence of streptomycin as a function of time demonstrates that the ATP unbinding was delayed ∼1.6-fold by 1 mM streptomycin.
Inhibition of P2X2 receptors by aminoglycosides appears to be noncompetitive, as shown by the maximum depression of the ATP concentration-response curve in the presence of streptomycin and because the inhibition was independent of the agonist (ATP) concentration. For the chimera, we could use a more direct approach to test whether inhibition was competitive or not. Because ATP dissociates very slowly from the chimera, fast receptor inhibition could only occur when the inhibition is not caused by aminoglycoside binding at the agonist binding site. In fact, the onset and offset of inhibition at the chimera was equally fast for the P2X2 receptor, directly demonstrating a mechanism independent of the availability of free agonist binding sites. Therefore, the P2X2-X1 chimera can serve as a tool for directly distinguishing between competitive and noncompetitive inhibition at the P2X1 receptor.
